Abstract-This paper presents a novel Y shaped fractal defected ground structure (FDGS) for the mutual coupling (MC) reduction between coplanar closely spaced microstrip antennas. The proposed FDGS has band-gap characteristic, which induces the current distribution on the antenna patch. This will contribute to achieving 25 dB MC reduction. When realizing the MC reduction, the antenna efficiency is increased. Moreover, the envelope correlation of the MIMO system is decreased, which helps to increase the MIMO system capacity.
two-layer electromagnetic band-gap (EBG) structure is presented in [16] for reducing the MC between closely spaced (center-to-center distance 0.3λ 0 ) planar printed antennas on a common ground, and more than 10 dB MC reduction across the operating band is achieved. An asymmetrical coplanar strip wall suppresses the MC between two closely spaced microstrip antennas [17] , and the achieved isolation is better than 35 dB. A hybrid solution is proposed in [18] to achieve the 20 dB MC reduction between closely spaced microstrip antennas (center-to-center distance is 0.28λ 0 ), which is realized by a metallic wall combined with two open-ended slots. An H-shaped conducting wall that effectively suppresses the 25 dB MC between two closely spaced microstrip antennas, which has center-to-center distance of 0.34λ 0 , is introduced in [19] .
When designing a planar band-gap structure filter, the minimization of circuit dimension is required for the closely spaced elements of antenna array. A Koch fractal based DGS is used to reduce the MC between two closely spaced (center-to-center distance 0.29λ 0 ) planer monopole patch antennas, and 15 dB MC reduction is obtained [20] . A Minkowski fractal DGS is proposed to obtain 7 dB MC reduction in a compact monopole array with center-to-center distance 0.1λ 0 [21] . The EBG for mutual coupling reduction between dual-element MIMO antennas is presented in [22] . It gives 19 dB and 11 dB simulated mutual coupling reductions in E-plane and H-plane, respectively. The comparisons of the MC reduction method and their performance are summarized in the Table 1 . A Y-shaped fractal defected ground structure (FDGS) for the MC reduction between closely spaced microstrip antennas in a MIMO wireless communication system is proposed in this paper. The center-tocenter distance between the closely placed microstrip antennas is 0.2λ 0 . The decoupling FDGS is etched between microstrip antennas and achieves 25 dB MC reduction. When realizing the MC reduction, the antenna performance is improved, and the microstrip antenna keeps a low profile at the same time.
This paper is organized as follows. The structure of the proposed FDGS geometry and its MC reduction are analyzed in Section 2. The simulation and measurement results are indicated in Section 3. The conclusion is given in Section 4.
FDGS GEOMETRY AND CHARACTERISTIC

FDGS Structure
The geometries of the designed fractal of zero, first, second and third iterative structures are drawn in Fig. 1 . The zero iterative structure is a straight line as shown in Fig. 1(a) . By folding the straight line to Y-shaped structure as shown in Fig. 1(b) , the first iterative fractal structure is designed. The first iterative fractal structure is regarded as the basic fractal unit. As shown in Fig. 1(c) , the second iterative structure is evolved from the first iterative structure by turning two line-segments into two basic fractal units. The third iterative fractal structure is evolved from the second iterative fractal structure as shown in Fig. 1(d) by turning four line-segments of the second iterative fractal structure to four basic fractal units. By repeating this process, the high level iterative fractal structure is designed. The model of the third iterative FDGS and the microstrip antennas in a MIMO wireless communication system are shown in Fig. 2 . Two horizontally polarized microstrip antennas are placed along the x-axis. Both the antenna elements have the same resonant band with center frequency 1.57 GHz. The chosen substrate is Taconic CER-10 with dielectric constant 10, height 3.18 mm and loss tangent 0.0035. The dimension of the rectangular patch is 28.8 × 28.8 mm 2 . The pair of microstrip antennas has the center-to-center distance of d2 = 38 mm (0.2λ 0 , where λ is the free space wavelength at 1.57 GHz) and the edge-to-edge distance of d1 = 9.2 mm (0.048λ 0 ). The rectangular patch dimension is 28.8 × 28.8 mm 2 .
FDGS Mutual Coupling Reduction Characteristic
In order to obtain better MC reduction performance by the proposed FDGS, the model of the FDGS and the microstrip antennas are optimized using the Ansoft HFSS (High Frequency Structure Simulator). The optimized parameter values are: l = 17.1 mm, w = 5.9 mm, l1 = 4 mm, l2 = 4.3 mm, l3 = 4.3 mm, l4 = 4.5 mm, w1 = 2.9 mm, w2 = 1.4 mm, w3 = 0.4 mm, g = 0.3 mm.
The proposed Y-shaped FDGS provides rejection band in some frequency range, which achieves the MC reduction between antenna elements. The FDGS structure is etched away from the ground plane, and a transmission line is placed on a vacuum box above the ground plane. The transmission line has a strip width 1.2 mm and length 45 mm. There are two ports connecting the end of the transmission line. The center working frequency of the proposed FDGS is f 0. The return loss and transmission coefficient of the transmission line are drawn in Fig. 3 . Band-gap characteristic is reflected on the S 12 , where the Supposing that the right positioned antenna A2 is excited and that the left positioned antenna A1 is terminated with a 50 Ω load, the current distributions on the antenna patches with and without the proposed FDGS are shown in Fig. 4 . When the microstrip antennas are placed on a ground plane without FDGS, a large current distribution is detected on the radiated patches. The large current distribution causes a high MC level between the antenna elements. When the proposed FDGS is etched from the ground plane, the suppressed current distribution is detected on the radiated patches. It means that the proposed Y-shaped FDGS induces the current fields and suppresses the current distribution on the antenna patches, which explains the MC reduction achieved by this proposed method.
The mutual coupling reduction performance of the proposed FDGS is evaluated from the S 12 corresponding to different FDGS dimensions. Fig. 5 shows the S 12 of antenna array with deferent FDGS lengths l (only l4 is from 4 mm to 5 mm with step 0.5 mm). When the proposed FDGS gap length increases, the MC reduction working band moves to the lower frequency region. We can get the same conclusion when tuning the other slot length l1, l2 and l3. Fig. 6 illustrates the S 12 between antennas when the gap width g ranges from 0.3 mm to 0.4 mm with step 0.05 mm. As the etched gap width increases, the operative MC reduction working band moves up to higher frequency. In general, the increased slot length and decreased slot width give rise to lower cutoff frequency. 
The Optimized Simulation Results
The return loss and mutual coupling of the antenna elements with and without the proposed Y-shaped FDGS are plotted in Fig. 7 . The S 12 comparison of the microstrip antenna arrays with and without the FDGS shows that the MC level is reduced from −5 dB to −30 dB. About 25 dB MC reduction between antenna elements is achieved. Furthermore, the S 12 value is less than −20 dB within the antenna 10-dB impedance bandwidth. It is shown that the working frequency of the antenna element shifts 10 MHz to the high frequency region by the FDGS. Because the antenna resonant band can be shifted by adjusting the patch dimension, the proposed FDGS is valid and efficient in application.
The envelope correlation between antenna elements is one of the most important parameters because it is related with antenna efficiency and may degrade MIMO system performance. Research has shown that the envelope correlation can be defined by one simple equation correlated to the scattering parameters of the elements in antenna array. For two antenna elements, the envelope correlation equation using the scattering parameters is given by: For illustrating the benefits achieved by the proposed FDGS, the envelope correlation of the antenna array in a MIMO system is calculated. In Fig. 8 , the envelope correlations against frequency for the MIMO system with and without the proposed FDGS are plotted. From the simulation result, the envelope correlation value of the MIMO system with the FDGS is decreased compared to that of the MIMO system without the FDGS. The envelope correlation suppression will contribute to increase of the MIMO system capacity. This observation indicates a better behavior and performance of the MIMO system which will be achieved by the proposed Y-shaped FDGS.
Antenna main polarization radiation patterns on the E-plane and H-plane with and without the proposed Y-shaped FDGS are depicted in Figs. 9(a) and (b), respectively, when antenna A2 is excited and antenna A1 terminated with a 50 Ω load. The back lobe levels with the FDGS are greater than that without the FDGS on both E-plane and H-plane because of slots on the ground plane. Radiation pattern on the E-plane is more symmetrical in the upper-sphere space by using the proposed FDGS. No significant difference is found between the main polarization radiation patterns with and without the FDGS in the H-plane. When realizing the MC reduction, the antenna efficiency is improved from 76.1% to 82.4%. 
THE SIMULATION AND MEASUREMENT RESULTS
In order to validate the MC reduction performance by the proposed Y-shaped FDGS, the prototype is fabricated based on the optimized parameters, as shown in Fig. 10 . The S-parameter of the fabricated antennas is measured by the Agilent E5230A network analyzer. The simulated and measured radiation patterns on E-plane and H-plane.
The simulated and measured S parameters of the microstrip antennas are plotted in Fig. 11 . The simulated and measured S 12 coincide with each other, which indicates the good simulation and measurement agreement. S 12 is less than −30 dB at the center frequency, and 25 dB MC reduction between antennas elements is obtained in both the simulation and measurement. Note that the measured S-parameters shifts a little to the higher frequency region. These differences between simulation and measurement are mainly caused by the machine error of the fabricated antenna and the FDGS dimension.
The simulated and measured envelope correlations with the FDGS are plotted in Fig. 12 for comparison. Both the results are calculated by the formula in Section 2. The simulation and measurement results are coincident with each other, which indicates that the envelope correlation suppression is obtained. The decreased envelope correlation in the MIMO antenna array will contribute to increase of the MIMO system capacity.
The simulated and measured main polarization radiation patterns of the right positioned antenna element A2 on the E-plane and H-plane with the FDGS are illustrated in Fig. 13 , when the antenna element A2 is excited and element A1 terminated with a 50 Ω load. Measurement results coincide with the simulated ones. There is no significant difference between the simulated and measured main lobe patterns.
CONCLUSION
A Y-shaped FDGS is proposed in this paper for the MC reduction between closely placed microstrip antennas in a MIMO system. The proposed Y-shaped FDGS suppresses the current distribution on the antenna patch, which explains the MC reduction achieved by this proposed method. Approximately 25 dB MC reduction between two coplanar microstrip antennas is obtained. When realizing the MC reduction, the antenna efficiency is improved from 76.1% to 82.4%. Moreover, the envelope correlation of the MIMO system with the FDGS is decreased when achieving the MC reduction, which will contribute to increase of the MIMO system capacity.
